SHAMSA, F., NAGATA, N., On-ISHI, M. and OHTSUKI, K. The In Vitro E ffects of Gyycyrrhizin and the Derivatives of Glycyrrhetinic Acid on the Activity of cAMP-Dependent Protein Kinase and Phosphorylation of Cellular Polypeptide by the Kinase from Ehrlich Ascites Tumor Cells. Tohoku J. Exp. Med., 1991, 165 (4), [305] [306] [307] [308] [309] [310] [311] [312] [313] [314] [315] [316] [317] [318] The effects of glycyrrhizin (GL) and the derivatives of glycyrrhetinic acid (GA) on the activity of cAMP-dependent protein kinase (A-kinase) and the phosphorylation of cellular polypeptides by the kinase purified from Ehrlich ascites tumor cells had been investigated in vitro. It was found that (i) the derivatives [3/3-hydroxy-olean-11,13 (18)-diene-30-oic acid Na, olean-9(11), 12 diene-3/3, 30-diol-3/3, 30-di-o-hemiphthalate 2Na and olean-12-ene-3f, 30-diol 3,Q, 30-di-o-phosphate 2Na] of GA inhibited the activity of A-kinase at the concentrations higher than 25 pM ; (ii), at 10 pM, these derivatives and native GL stimulated the activity of the kinase significantly ; and (iii) the inhibitory and stimulatory effects of some GA derivatives were clearly correlated with their chemical structures. Moreover, sodium dodecyl sulfate polyacrylamide gel electrophoresis and two dimensional gel electrophoresis followed by autoradiography detected several acidic polypeptides, including polypeptides with approximate molecular weights of 35,000 (pI 4.3), 27,000 (pI 4.5) and 18,000-21,000 (pI 4.5), phosphorylated by A-kinase, to be functioning as mediators in response to these drugs. This observation suggests that the GL-induced inhibition of phosphorylation of these cellular Glycyrrhizin (GL), a kind of saponin, is one of the aqueous extracts from licorice root ( Glycyrrhizia radix). This compound is known for its anti-inflammatory properties in chinese medicine (Finney and Somers 1959) . Glycyrrhizin (GL) and its aglycon, glycyrrhetinic acid (GA), have anti-ulcerous (Doll et al. 1962 ), anti-viral (Pompei et al. 1979 ) and inducing activity of interferon (Abe et al. 1982 ). In anti-viral effect of GL and the derivatives (triterpenoid carbenoxolone sodium and cycloxolone sodium) of the drug, it has been demonstrated that the viral inhibition is due to their direct binding to particles of herpes virus Subak-Sharpe 1985, 1986) , Varicellazoster virus and human immunodeficiency type I virus (HTLV-I) (Ito et al. 1987; Hirabayashi et al. 1991) . Recently, we reported that (i) GL specifically inhibits phosphorylation of NS protein by a basic polypeptide activated protein kinase (P-kinase) in vesicular stomatits virus (VSV) infected cells (Ohtsuki and Ishida 1988) ; and (ii) P-kinase purified from the membrane fraction of rat liver by GL-affinity column chromatography specifically phosphorylates lipocortins (I and II), which control the activity of phospholipase A2 at membrane level (Ishikawa et al. 1990 ). These previous observations suggest that the GL-induced inhibition of specific phosphorylation of some cellular polypeptides by GL-sensitive protein kinases may be involved in the anti-viral and anti-inflammatory activities of the drug.
The present study was carried out to determine (i) the effect of native GL, the sulfated form of GL and eleven derivatives (four different types : a, b, c and d) of GA on the activity of A-kinase and the phosphorylation of cellular polypeptides by the kinase in vitro and (ii) the correlation between the biochemical effects of the GA derivatives and their chemical structures. It was found that (i) the b type of GA derivatives rather than other types (c and d) of GA derivatives and native GL exhibited higher inhibitory and stimulatory effects on phosphorylation of whole histone by A-kinase ; (ii), at the concentrations lower than 15 jiM, the b type of GA derivatives and native GL stimulated significantly the activity of the kinase ; and (iii), in the presence of GL and the GA derivative (higher than 30 ,u M), phosphorylation by the kinase of several acidic polypeptides, including polypeptides with approximate molecular weights of 35,000, 27,000 and 18,000-21,000, were selectively inhibited. The latter finding suggests that the GLinduced inhibition of phosphorylation of some specific cellular polypeptides (lipocortin like polypeptides) by A-kinase may be involved in the antiinflammatory effect of the drug.
MATERIALS AND METHODS
Glycyrrhizin (GL) and the derivatives of glycyrrhetinic acid (GA) Native GL, the sulfated form of GL and eleven derivatives of GA ( Fig. 1) further purified by Mono Q column chromatography (highperformance liquid chromatography, HPLC). P-kinase was also purified from the same cell extract, as previously reported (Ohtsuki and Ishida 1988; Ishikawa et al. 1990 ).
Final purification of A-kinase from Ehrlich ascites tumor cells
The partilally purified A-kinase fraction (phospho-cellulose fraction) was further purified by Mono Q column chromatography (HPLC). As shown in Fig. 2 , the kinase was eluted between 0.35 M and 0.38 M KCl as a single active peak. The purified kinase was 
Assay of protein kinases
The reaction mixtures (0.1 ml) contained 40 mM Tris-HCl (pH 7.6), 4 mM dithiothreitol (DTT),10 mM Mg2+,10 pM[y-32P]ATP (800 cpm/pmol), 20 pg of whole histone [type II-A (Sigma), phosphate acceptor for A-kinase], 2 pM cAMP and the indicated amount of purified A-kinase. Casein was used as a phosphate acceptor for casein kinase II (CK-II) and P-kinase since these two kinases did not phosphorylate any histones (Koike and Ohtsuki 1988; Ohtsuki and Ishida 1988) . The mixtures were incubated for 20 min at 30°C in the presence or absence of either GL or the indicated GA derivatives. Phosphorylation of the substrates used was arrested by the addition of 20% TCA (trichloroacetic acid) and 0.5 ml of 0.1 M sodium pyrophosphate containing 10 mM ethylenediaminetetraacetic acid (2Na) (EDTA, pH 7.6) and 1 mg/ml of bovine serum albumin (BSA). The TCA precipitates were filtered using a glass-filter paper (Whatman GF/75) and the [32P]radioactivity on the filter was determined by a liquid scintillation spectrometer, as previously reported (Koike and Ohtsuki 1988; Ohtsuki and Ishida 1988; Ishikawa et al. 1990 ).
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography
The [32P] labeled-polypeptides in the partially purified A-kinase fraction (phosphocellulose fraction) were analyzed by SDS-PAGE (Laemmli 1970 ) followed by autoradiography, after incubation for 20 min at 30°C with [ y 32P] ATP and 10 mM Mg2+, in the presence or absence of either GL or GA derivatives, as previously reported (Koike and Ohtsuki 1988; 
RESULTS

Effect of GL and the derivatives of GA on the activity of A-kinase in vitro
To determine the effects of native GL, the sulfated form of GL and eleven derivatives of GA on the activity of A-kinase, the purified kinase (Mono Q fraction shown in Fig. 2 ) was incubated for 20 min at 30°C with whole histone and [y-32P] ATP in the presence or absence of these drugs at the indicated concentrations. Table 2 shows that, at 150 ,u M, (i) several derivatives (No. 4, 5, 6, 7, 8 and 13) of GA inhibited strongly phosphorylation of whole histone by the kinase ; (ii) native GL, the sulfated form of GL and the derivative No. 3 of GA also inhibited the activity of the kinase ; and (iii) no significant inhibition of the kinase activity was observed by other GA derivatives (No. 9,10,11 and 12). It should be noted The inhibitory and stimulatory effects of GL, the sulfated form of GL and eleven derivatives of GA on the activity of A-kinase in vitro. of A-Kinase
In Vitro 311 that, at 151 M, the GA derivatives (No. 3, 4, 5, 6, 7 and 8), including native GL, stimulated significantly the activity of the kinase (Table 2) . Therefore, the kinetics of three compounds [GL and two GA derivatives (No. 4 and 8)] on the activity of A-kinase were determined. Interesting results were obtained, because these three compounds inhibited the activity of the kinase at the concentrations higher than 25 pM, whereas these two GA derivatives significantly stimulated the kinase activity at lower concentrations rather than 15pM (Fig. 3) . Similar stimulation was also observed when the activity of the kinase was determined in the presence of other derivatives (No. 4, 5 and 7). The optimum concentration of these two derivatives for the maximun stimulation of the kinase activity was found to be about 10 p M. At 10 p M of the derivative No. 8 of GA, phosphorylation of whole histone by A-kinase was stimulated about 3-fold. In addition, the inhibitory and stimulatory effects of the GA derivatives and GL were reproducible when purified histone Hl instead of whole histone was used as a phosphate acceptor for the kinase. To determine the kinase specificity of the derivative No. 8 [olean-il,13(18)-diene-3/3, 30-diol-3/3, 30-di-o-hemiphthalate 2Na] of GA, the inhibitory effect of the compound on phosphorylation of whole histone or casein by three different protein kinases (A-kinase, cAMP-independent protein kinase and P-kinase purified from Ehrlich ascites tumor cells) were examined. Phosphorylation of whole histone by purified A-kinase was most sensitive to the GL derivative, whereas the activity of CAMP-independent protein kinase was not significantly inhibited by these compounds. The 50% inhibition of A-kinase activity caused by GL and the derivative No. 8 of GA was about 28 p M and 35 ,u M, respectively (Fig. 3) . These concentrations corresponded to that determined by the druginduced inhibition of phosphorylation of lipocortins (I and II) by P-kinase (Ohtsuki and Ishida 1988; Ishikawa et al. 1990 ).
Previously, we reported that the GL-induced inhibition of protein phosphorylation by P-kinase is due to direct binding of GL to the kinase (Ohtsuki and Ishida 1988; Ishikawa et al. 1990 ). This was also confirmed by experiments by means of centrifugation in a 5-25% glycerol density gradient after incubation of the derivative No. 8 of GA with the kinase. This experiment showed that the activity of A-kinase to phosphorylate whole histone was reduced in proportion to the doses of the derivative. Moreover, an apparent Km value for ATP of A-kinase was shifted to 581 M from 301 M after binding of the derivative to the kinase, as it has been demonstrated in an apparent Km value of P-kinase against ATP and GL (Ohtsuki and Ishida 1988). These experimental results suggest that the derivative No. 8 of GA binds to the kinase and the binding of the compound to the kinase results in the significant reduction of its affinity against ATP.
The correlation between the chemical structure of GA derivatives and their inhibitory activities
In the present study, the correlation between the chemical structures of GA derivatives and their inhibitory and stimulatory effects against the activity of A-kinase was also investigated.
The experimental rersults (Table 2) suggest that (i) two-molecule glucuronic acids of native GL are not necessary to exhibit the inhibitory and stimulatory effects of the drug against the activity of A-kinase since the b-type of GA derivatives has a similar inhibitory effect of GL against the activity of the kinase ; (ii) double-bound on the C12 position of the GA derivatives may be important functional sites for exhibiting their inhibitory and stimulatory effects against the kinase activity since the b-type of GA derivatives The inhibitory and stimulatory effects of GA derivatives on phosphorylation of specific cellular polypeptides by A-kinase To detect specific polypeptides that could be able to alter in respose to the critical doses of the drugs, SDS-PAGE followed by autoradiography was carried out preliminarily after incubation of the partially purified A-kinase (phosphocellulose fraction containing only the kinase and a number of cellular polypeptides) with [ y-32P] ATP and 10 mM Mg2+ in the presence of different doses of the derivative No. 8 of GA. It was found that (i) a number of cellular polypeptides, including approximately Mr 35,000-37,000 (a), 26,000-28,000 (b) and 18,000-21,000 (c) polypeptides in the kinase fraction, were detected as phosphorylated polypeptides (lane 1 in Fig. 4) ; (ii), in the presence of 101aM, phosphorylation of some polypeptides (Mr= approximately 26,000 and 18,000-21,000) by the kinase was stimulated significantly (lane 2) ; (iii) phosphorylation of these polypeptides was inhibited significantly at 30 ,uM (lane 3) ; and (iv) more than 95% of the (Fig. 5B) . The dose effect of the derivative on phosphorylation of these acidic polypeptides by the kinase corresponded to that shown in Fig. 4 . These experimental results suggest that, in the presence of some GA derivatives (b-type) and native GL at higher doses more than 30 12M, phosphorylation of several acidic polypeptides, including three polypeptides (approximately Mr 35,000, 27,000 and 21,000) in the partially 
DISCUSSION
The present study was carried out to determine (i) the inhibitory and stimulatory effects of native GL, the sulfated form of GL and eleven derivatives of GA against the activity of A-kinase and phosphorylation of cellular polypeptides by the kinase in vitro ; (ii) the correlation between the structural characteristics of GA derivatives and their biochemical activity in vitro ; and also to detect (iii) specific polypeptides responsible for their biochemical and biological effects as functional mediators. Three different protein kinases (A-kinase, cAMPindependent protein kinase and kinase P) purified from Ehrlich ascites tumor cells were used for this study. Since the activity of A-kinase (Table 2 ) as well as P-kinase (Ohtsuki and Ishida 1988) was sensitive to several derivatives of GA, the biochemical effects of the GA derivatives on the activity of A-kinase was mainly investigated in the present study. It was found that (i) the b' type of GA derivatives (No. 4, 5, 6, 7 and 8) , except derivative No. 3, exhibits an effective inhibitory effect against the activity of A-kinase at higher concentrations more than 25 j M ; (ii), at lower concentrations rather than 15 p M of the derivatives No. 4, 5 and 6 of GA, including GL, the activity of A-kinase was stimulated 2-3-folds when whole histone was used as a phosphate acceptor for the kinase (Table 2 ). In addition, the phosphorylated form (No. 13) of GA also inhibited the activity of the kinase in a dose-dependent manner at higher concentrations more than 30 ,u M.
Previously, we reported that (i) GL inhibits phosphorylation NS protein of VSV-associated protein kinase in vitro (Ohtsuki and Ishida 1988) ; and (ii) GL-affinity column chromatography can selectively purify a casein kinase II (CK-II) like kinase from the crude membrane fraction of rat liver (Ishikawa et al. 1990 ). Although previous reports also described the activity of A-kinase from HeLa S3 cells is not sensitive to GL, here we found the activity of A-kinase highly purified from Ehrlich ascities tumor cells was very sensitive to GL derivatives (b and b' types). The sensitivity difference between these two kinase preparations may be due to the purity of the kinases, because some polypeptides, which were contaminated in the partially purified A-kinase fraction, prevented the inhibitory effect of the drugs. The GA derivatives (No. 4, 5, 6 and 8) against the activity of A-kinase highly purified from Ehrlich ascites tumor cells had a sensitivity similar to that demonstrated in P-kinase, which was assayed using only lipocortins (I and II) as phosphate acceptors (Ishikawa et al. 1990 ). Other preliminary experiment showed that A-kinase from the 0.35 M KC1 extract of Ehrlich ascites tumor cells could be also purified by GL-affinity column chromatography, as previously reported in P-kinase (Ishikawa et al. 1990 ). This suggests that A-kinase is also one of GL-binding protein kinases.
Concerning the correlation between the chemical structure of GA derivatives and their biochemical activity, it was found that (i) two-molecule glucuronic acids of GA derivatives were not necessary for exhibition of their inhibitory and stimulatory effects against phosphorylation of cellular polypeptides by A-kinase, because native GL as well as some GA derivatives (No. 4, 5, 6, 7 and 8) have a similar inhibitory activity against the activity of A-kinase ; (ii) the sulfated form (No. 2) of GL and the phosphorylated form (No. 13) of GA also had an effective inhibitory activity against the kinase ; and (iii) double-bounds on the C12 position and a carboxyl site on the C30 position of the GA derivatives may be an important functional sites for exhibiting the biochemical effects against the activity of A-kinase since the b-type of GA derivatives (No. 4, 5, 6, 7 and 8) except derivative No. 3, as compared with the c-type of GA derivatives (No. 9,10,11 and 12), have a higher inhibitory activity against the kinase. The latter observation is consistent with the structural characteristics of the GA derivatives observed in their anti-viral effect against herpes simplex virus (Dargan and Subak-Sharpe 1985 ; Dargan and Subak-Sharpe 1986). Moreover, to detect specific polypeptides responsible for the biological effects of the effective GA derivatives at relatively higher concentrations (60pM), phosphorylation by A-kinase of several acidic polypeptides with molecular weights of approximately 42,000 (pI 5.0), 20,000 (pI 6.0), 17,000 (pI 6.0) and 16,000 (pI 5.6 and pI 5.3), including Mr 35,000, 27,000 and 21,000 polypeptides, was selectively reduced (Fig. 5B) . This finding suggests that the GL-induced selective inhibition of some acidic polypeptides, such as approximately Mr 35,000, 27,000 and 21,000 polypeptides, by A-kinase may be implicated in the anti-inflammatory effect of the drug. Therefore, to identify these phosphorylated polypeptides responding to the drugs, the partially purified A-kinase fraction, which contained A-kinase and these targetting polypeptides, was further purified by Mono Q column chromatography.
Preliminary observations suggested that (i) phosphorylation of purified polypeptides (approximately Mr 35,000, 27,000 and 21,000 polypeptide fractions) was stimulated at 101&M GL derivative (No. 8) and inhibited by higher doses (601 M) of the drug ; and (ii) the physico-chemical properties (molecular size, isoelectric point, substrate activity for the kinase and chromatographic behavior on Mono Q chromatography) of the phosphorylated polypeptides were similar to those of lipocortins (I and II).
In present, the biological significance of the inhibitory and stimulatory effects of GA derivatives and GL against the activity of A-kinase and phosphorylation of cellular polypeptides by the kinase is not clear. It is well understood that A-kinase plays an important role in the signal transduction involved in the metabolic alteration of cell growth and cell differentiation through phosphorylation of specific targetting polypeptides by the kinase (Krebs and Beavo 1979; Krebs 1983; Taylor et al. 1990 ). Therefore, it seems that the stimulation of phosphorylation by the kinase of several acidic polypeptides with molecular weights of approximately 42,000 (pI 5.0), 20,000 (pI 6.0), 17,000 (pI 6.0) and 16,000 (pI 5.6 and pI 5.3), including Mr 35,000, 27,000 and 21,000 polypeptides, may be implicated in the biochemical mechanisms of cell activation and interfer-on induction by lower doses of native GL and the derivatives of GA. In order to understand clearly the biochemical mechanisms involved in the anti-viral and anti-inflammatory effects, of GL and the derivatives of GA, (i) purification and biochemical characterization of these acidic polypeptides (lipocortin like polypeptides) phosphorylated by A-kinase in response to the critical doses of these drugs, and (ii) the determination of their physiological responsibilities in the biological effects induced by these drugs are required.
